ABSTRACT Clones of full-length mtDNA have been isolated from a Strongylocentrotusfranciscanus recombinant DNA library by screening a cDNA clone of cytochrome oxidase subunit 1 mRNA. Restriction fragment cross-hybridization analysis shows the following difference in gene arrangement between sea urchin and human mtDNA. The 16S rRNA and cytochrome oxidase subunit 1 genes are directly adjacent in sea urchin mtDNA. These two genes are separated in human and other mammalian mtDNAs by the region containing unidentified reading frames 1 and 2. In spite of the difference in gene order, gene polarity appears to have been conserved. We conclude that the difference in gene order reflects a rearrangement that took place in the sea urchin lineage since sea urchins and mammals last shared a common ancestor.
Animal mtDNA has a fairly constant size of approximately 16 kilobase pairs (kb). The complete nucleotide sequences of human (1) , bovine (2) , and mouse (3) mtDNA reveal a compact organization of genetic information with no intervening sequences and little intergenic spacing. The overall gene order is identical in human, bovine, and mouse mtDNAs (1) (2) (3) . Less is known about mtDNA organization in animals other than mammals, although similar tandem arrangements of the two rRNA genes have been reported for amphibian (4) and Drosophila mtDNAs (5, 6) .
In spite of the constancy of size and gene order of mammalian mtDNA, there is evidence for the involvement of rearrangement and transposition in mtDNA evolution. Gene order surrounding the origin of replication in Drosophila mtDNA, for example, differs from that in mammalian mtDNA, apparently reflecting a translocation and inversion of a segment of mtDNA (6) . Jacobs et al. (7) isolated a region from the nuclear genome of S. purpuratus that contains divergent copies of at least portions of two mitochondrial genes, those for 16S rRNA and cytochrome oxidase subunit 1 (CO I) mRNA. These sequences apparently were transferred from the mitochondrial to the nuclear genome before the evolutionary differentiation of the genus Strongylocentrotus. Other examples of sequence transfer between the nuclear and mitochondrial genomes are known.
Neurospora mtDNA, for example, contains a sequence related to the functional nuclear gene for a subunit of the proton-translocating ATPase. No translation product of the mitochondrial gene has been detected (8) . Similarly, yeast nuclear DNA contains sequences homologous to the mitochondrial varl and cob genes (9) . In addition, Gellissen et al. (10) have reported the isolation of locust nuclear DNA clones containing mitochondrial rRNA gene sequences. Analogous gene transfer between plastid genomes can occur in plants. Maize the chloroplast genome containing the 16S rRNA gene and genes for two transfer RNAs (11) .
We report the isolation and characterization of recombinant clones containing the entire mtDNA of the sea urchin Strongylocentrotus franciscanus and its comparison with human mtDNA revealing differences in gene arrangement.
MATERIALS AND METHODS DNA Isolation. Sea urchin DNA was isolated by a modification of the sperm DNA isolation procedure of Britten et al. (12) . Minced testis tissue in approximately 50 ml of 0.1 M NaCl/ 50 mM EDTA, pH 7-8, was filtered through a 50-,um pore size Nitex screen, frozen at -70°C, homogenized to a powder with dry ice, and then lysed and processed exactly like a sperm DNA preparation. Care was exercised to avoid shearing of the DNA during isolation.
Recombinant Charon 4A phage were grown and purified, and their DNA was extracted as described by Anderson et aL (13) . Recombinant plasmid DNA was prepared from chloramphenicol-amplified cultures (14) by the method of Katz et al. (15) .
Construction and Isolation of Recombinant Phage and Plasmids. The construction, isolation, and characterization of plasmid cDNA clones SpG30 and SpP389 have been described (7, 16) .
Bacteriophage A recombinants containing the entire S. franciscanus mitochondrial genome were isolated from a partial EcoRI library constructed from testis DNA of a S. franciscanus individual using Charon 4A as vector (17) as described by Anderson et al. (13) . Screening Mapping of the 16S rRNA and CO I Genes in Sea Urchin mtDNA. The 16S rRNA gene was mapped in sea urchin mtDNA by using recombinant plasmid SpP389, which, according to its nucleotide sequence, carries most of the 16S rRNA gene of S. purpuratus (7) . Fig bridization probes on blots of appropriate restriction digests of human mtDNA. All hybridization and washing steps were carried out at substantially reduced criterion to maximize crossreaction of divergent sequences. Some examples are shown in Fig. 3 , and the results of the analysis are diagrammed in Fig. 4 .
Figs. 3 and 4 confirm a difference in organization between human and sea urchin mtDNA involving the regions contained in sea urchin fragments H3 and H4. Fragment H3 reacts with the 4.5-kb Xba I fragment extending from position 2.9 to position 7.4 in human mtDNA (Fig. 3, lane 1) . The extent of the crossreaction can be more precisely defined by the predomi- extending from position 3.3 to position 4.7 in human mtDNA (data not shown). This region of human mtDNA contains URF-1 and a portion of URF-2. Fragment H4, which maps to the right of H3 in sea urchin mtDNA, reacts with the 1.76-kb Xba I fragment that extends between positions 1.2 and 2.9 in human mtDNA (Fig. 3, lane 2) . This region of human mtDNA contains most of the 16S rRNA gene and a portion of the 12S rRNA gene. Thus, it appears that the 16S rRNA gene and the region containing URF-1 and URF-2 have exchanged positions in sea urchin mtDNA relative to their positions in human mtDNA.
The 12S rRNA gene does not appear to map directly to the left of the 16S rRNA gene in sea urchin mtDNA. Neither sea urchin fragment H3 nor H4 react with human mtDNA fragment to the left of the Xba I site at position 1 (Fig. 3, lane 3) ; the upper band in this lane does not was identifiei correspond to any normal Xba I fragment of human mtDNA cluding direc and therefore probably represents a partial digestion product. (Fig. 3, lane 4) . In along with a addition, fragment H1 reacts with a 0.95-kb species of S. purtions occupie puratus egg RNA that closely matches the size of human 12S mouse 16S r rRNA (data not shown).
sually aligne( The complex pattern of reaction of sea urchin fragment H2
For the se( with human mtDNA reflects the difference in sequence oroccupied by I ganization between the two mtDNAs. Fragment H2 reacts with these mamm a 2.3-kb Xba I/EcoRI fragment extending from position 5.2 to an identical n position 7.5 (which contains the entire CO I gene) and the 1. 76-of the positic kb Xba I fragment extending between positions 1.2 and 2. 9 cleotide in al (which contains most of the 16S rRNA gene). Weak reaction was also detected to the 1. 1-kb EcoRI/Xba I fragment extending from position 2.9 to position 4.1 (which contains the 3' end of the 16S rRNA gene) in human mtDNA (Fig. 3, lane 5) . Sequence
With the exceptions noted above, the overall organization of of a segment sea urchin mtDNA appears to be colinear with that of human mammal una mtDNA. Sea urchin fragments R4 and R2 react with the 1,970-evolution (Fi bp Xba I fragment extending from position 8.3 to position 10.3 divergent rei in human mtDNA (Fig. 3, lanes 6 and 7) . This segment of husimilarity, 28 man mtDNA contains the 3' end of the gene for cytochrome nucleotide in oxidase subunit 2, the genes for ATPase 6 and cytochrome oxsitions are c idase subunit 3, URF-6L, and URF-3. The reaction of fragment animals. ThE R2 can be confined to the right-hand portion of this segment deletions, pa since R2 reacts exclusively with a 2.4-kb Hpa II fragment ex-110, making tending between positions 9.3 and 11.7 (data not shown). Fiquences. In nally, sea urchin fragment R3 reacts with the 2.4-kb EcoRI/Xho 111-310), 76 I fragment that extends from position 12.6 to position 15.0 in cleotide in al human mtDNA (Fig. 3, lane 8) .
a secondary r
None of the S. franciscanus fragments used in this study re- Fig. 2A) (23) , yeast and Drosophila mitochondrial 16S rRNA (6, 24) , and mammalian 16S rRNA (Fig. 5) . The invariant U-G-U-U-C sequence is present in sea urchin 16S rRNA (positions [243] [244] [245] [246] [247] (Fig. 1) . In addition, the six EcoRI restriction fragments produced from these clones match in size those obtained from purified S. franciscanus mtDNA (data not shown).
In all mammalian mtDNA molecules for which the sequences have been determined, the 16S and 12S rRNA genes are adjacent (1) (2) (3) . Although gene order is different in Drosophila mtDNA, the two rRNA genes are likewise adjacent (6) . The rearrangement event responsible for the difference in organization of sea urchin mtDNA, therefore, probably occurred in the sea urchin lineage after sea urchins and mammals last shared a common ancestor, more than 500 million years ago. The relative positions of the 16S rRNA gene and the CO I gene are probably identical in S. purpuratus and S.franciscanus, since restriction fragment data (W. Brown and S. Hechtel, personal communication) do not indicate major differences in mtDNA sequence organization between these two species of sea urchins. Thus, the rearrangement of sea urchin mtDNA probably occurred prior to the evolutionary differentiation of the genus Strongylocentrotus, 15-20 million years ago (25) . It is interesting that, in a segment of the nuclear genome of S. purpuratus containing regions of mtDNA homology, a portion of the 16S rRNA sequence is adjacent to at least part of the CO I gene, apparently reflecting the organization of the mitochondrial genome. Analysis of sequence divergence suggests that this insertion of a segment of mtDNA into the nuclear genome may have taken place as recently as 25 million years ago (7) .
Little can be said about the events involved in the rearrangement of sea urchin mtDNA. The polarities of the 16S rRNA genes in sea urchin and mammalian mtDNA rule out a simple inversion of the 4-kb region containing URF-1, URF-2, and the 16S rRNA gene (Fig. 4) . Conservation of 16S rRNA gene polarity may be of functional significance, since in mammals, all mitochondrial rRNA and poly(A)-containing RNA may be produced by endonucleolytic cleavage of a single polycistronic Hstrand transcript (26, 27 ). An inverted 16S rRNA gene would require L-strand transcription for functional expression. Determination of the nucleotide sequence of sea urchin mtDNA will be required to precisely define all differences in mitochondrial genome organization. The region between the CO I and 16S rRNA genes in sea urchin mtDNA is of particular interest, because the origin of L-strand replication maps directly to the left of the CO I gene in mammalian mtDNA (1, 2) .
